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Structures of Protein Complexes 
by Multidimensional Heteronuclear 
Magnetic Resonance Spectroscopy 
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ABSTRACT: With the advent of multidimensional heteronuclear-edited and -filtered NMR experiments, the field 
of three-dimensional structure determination by NMR has again increased in scope, making it  possible to move 
the technology beyond the approximately 10 kDa limit inherent to conventional two-dimensional NMR to systems 
up to potentially 35 to 40 kDa. This article outlines the basic strategies for solving three-dimensional structures 
of larger systems, in particular, protein complexes and multimeric proteins using three- and four-dimensional NMR 
spectroscopy, summarizes the key experiments, and illustrates the power of these methods using several examples 
of protein-DNA, protein-peptide complexes, and oligomeric proteins from the authors' laboratories. 
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1. INTRODUCTION 

The size of macromolecular structures that 
can be solved by nuclear magnetic resonance 
(NMR) has been dramatically increased over the 
last few years (Clore and Gronenborn, 1991a). 
Equally importantly, this advance has been ac- 
companied by significant improvements in the 
accuracy with which such structures can be deter- 
mined. Thus, it is now possible to determine the 
structures of proteins in the 15- to 25-kDa range 
at a resolution comparable to 2- to 2.5-A-resolu- 
tion crystal structures (Clore and Gronenborn, 
1991 b). The key methodological developments 
responsible for these advances comprise three- 
and four-dimensional heteronuclear NMR tech- 
niques to circumvent problems associated with 
chemical shift overlap and degeneracy on the one 
hand and large linewidths on the other (for re- 
views, see Clore and Gronenborn, 1991a, c, d, 
1994; Bax and Grzesiek, 1993) in conjunction 
with improved refinement techniques incorporat- 
ing accurate coupling constants (Garrett et al., 
1994) and 13C and 'H chemical shifts (Kuszewski 
et al., 1995a, b). In this review, we summarize 
some of these developments and illustrate their 
application with a number of examples from our 
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laboratory dealing with protein-peptide, protein- 
DNA, and protein-protein (in the form of oligo- 
mers) complexes, specifically, a complex of 
calmodulin with a target peptide from skeletal 
muscle myosin light-chain kinase (Ikura et al., 
1992), a complex of human thioredoxin and a 
NFKB peptide (Qin et al., 1995), complexes of the 
DNA binding domains of the transcription factor 
GATA-1 (Omichinski et al., 1993a) and SRY 
(Werner et al., 1995a) with their cognate DNA 
target sites, and the tetramerization domain of the 
tumor suppressor p53 (Clore et al., l994,1995a, b). 
These examples are not intended to provide a 
comprehensive review of all the complexes that 
have been solved by NMR but to provide the 
reader with a feel for the type and complexity of 
systems that can be tackled, the quality of the 
structures that can be obtained, and the sort of 
biological information that can be gleaned. 

II. GENERAL STRATEGY FOR THE 
STRUCTURE DETERMINATION OF 
COMPLEXES BY NMR 

The main source of geometric information 
used in protein structure determination lies in the 
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nuclear Overhauser effect (NOE), which can be 
used to identify protons separated by less than 
5 A (Emst et al., 1987). This distance limit arises 
from the fact that the NOE (at short mixing times) 
is proportional to the inverse sixth power of the 
distance between the protons. Hence, the NOE 
intensity falls off very rapidly with increasing 
distance between proton pairs. Despite the short- 
range nature of the observed interactions, the ap- 
proximate interproton distance restraints derived 
from NOE measurements can be highly confor- 
mationally restrictive, particularly when they in- 
volve residues that are far apart in the sequence 
but close together in space (Clore et al., 1993a). 

The power of NMR over other spectroscopic 
techniques results from the fact that every proton 
gives rise to an individual resonance in the spec- 
trum that can be resolved by higher-dimensional 
(i.e., 2D, 3D, and 4D) techniques. Bearing this in 
mind, the principles of structure determination by 
NMR can be summarized very simply by the 
scheme depicted in Figure 1. The first step is to 
obtain sequential resonance assignments using a 
combination of through-bond and through-space 
correlations; the second step is to obtain stereospe- 
cific assignments at chiral centers and torsion 
angle restraints using three-bond scalar couplings 
combined with intraresidue and sequential 
interresidue NOE data; the third step is to identify 
through-space connectivities between protons 
separated by less than 5 A; and, finally, the fourth 
step involves calculating three-dimensional (3D) 
structures on the basis of the experimental NMR 
restraints using one or more of a number of 
algorithms such as distance geometry and/or 
simulated annealing (for reviews of the various 
methodologies, see Braun, 1987; Clore and 
Gronenbom, 1989; Have], 1991). It is not essen- 
tial to assign all the NOES initially. Indeed, many 
may be ambiguous, and several possibilities may 
exist for their assignments. Once a low-resolution 
structure, however, has been calculated from a 
subset of the NOE data that can be interpreted 
unambiguously, it is possible to employ iterative 
methods to resolve the vast majority of ambigu- 
ities. Consider, for example, an NOE cross peak 
that could be attributable to a through-space inter- 
action between either protons A and B or between 
protons A and C. Once a low-resolution structure 
is available, i t  is usually possible to discriminate 

between these two possibilities. Thus, if protons 
A and C are significantly greater than 5 8, apart, 
while protons A and B are less than 5 8, apart, it 
is clear that the cross peak must arise from an 
NOE between protons A and B. 

If the ligand (e.g., a peptide, an oligonucle- 
otide, a drug, etc.) presents a relatively simple 
spectrum that can be assigned by 2D methods, the 
most convenient strategy for dealing with pro- 
tein-ligand complexes involves one in which the 
protein is labeled with I5N and 13C and the ligand 
is unlabeled (i.e., at natural isotopic abundance). 
It is then possible to use a combination of 
heteronuclear filtering and editing to design ex- 
periments in which correlations involving only 
protein resonances, only ligand resonances, or 
only through-space interactions between ligand 
and protein are observed (Ikura and Bax, 1992; 
Ikura et al., 1992; Otting and Wuthrich, 1990; 
Fesik et al., 1991). These experiments are sum- 
marized in Table 1 and have been employed suc- 
cessfully in a number of laboratories for a range 
of systems. Examples of protein-drug complexes 
are cyclophylin-cyclosporin (ThCriault et al., 1993; 
Spitzfaden et al., 1994) and FK506 binding pro- 
tein-ascomycin (Meadows et al., 1993). The 
cyclophylin-cyclosporin studies employed uni- 
formly 13C and I5N-labeled protein as well as 
13C-labeled drug. The structures of several pro- 
tein-peptide complexes have also been determined 
by NMR. The first example was the structure of 
calmodulin bound to its target peptide from skel- 
etal muscle myosin light-chain kinase (Ikura et 
al., 1992). Since then, a number of other protein- 
peptide complexes have been determined. These 
include several SH2 (Pascal et al., 1994; Xu et al., 
1995)- and SH3-peptide complexes (Wittekind et 
al., 1994; Terasawa et al., 1994; Goudreau et al., 
1994; Yu et al., 1994; Feng et al., 1994), and 
mixed disulfide intermediates of glutaredoxin and 
glutathione (Bushweller et al., 1994) and human 
thioredoxin and its target peptide from the tran- 
scription factor NFKB (Qin et al., 1995). The 
structures of protein-DNA complexes have been 
the focus of several laboratories, and to date a 
number have been determined by NMR: the spe- 
cific complex of the DNA-binding domain of the 
transcription factor GATA-1 with its target site 
(Omichinski et al., 1993a). the lac repressor head- 
piece-operator complex (Chuprina et al., 1993), 
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Resonance Assignment 

Identification of Secondary 
Structure Elements - sequential 

- side chains 

Distance Restraints 

t t 

I 

Terative cyc/e 

t 

Stereospecific Assignment & 
Torsion Angle Determination 

- coupling constants 

- intraresidue &sequential 
distance restraints 

- systematic conformational 
grid search of @,y,x space 

3D Structure Determination 

Hybrid Distance Geometry - Simulated Annealing 

Simulated Annealing 1 

Structure Refinement 

J-coupling refinement 

chemical shift refinement 

I I 
Tertiary Long Range 

FIGURE 1. Summary of the general strategy employed to solve 3D structures of macromolecules 
by NMR. 

the antenennapedia homeodomah-DNA complex 
(Billeter et al., 1993), the minimal DNA-binding 
domain of the protooncogene c-myb complexed 
with DNA (Ogata et al., 1994), the trp repressor- 
operator complex (Zhang et al., 1994), and the 

structure of the DNA binding domain of the hu- 
man testis-determining factor SRY complexed 
with a promoter fragment (Werner et al., 1995a). 

Oligomeric proteins represent complexes be- 
tween identical subunits. The first dimer to be 
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TABLE 1 
Summary of Heteronuclear-Filtered and -Edited NOE Experiments Used 
to Study Protein-Ligand Complexes Comprising a Uniformly 15NP3C- 
Labeled Protein and an Unlabeled Ligand 

Type of contact Connectivity 

Intramolecular Protein Contacts 

4D l3CPC-edited NOE in D,O 
4D 15N/13C-edited NOE in H20 
3D lSNPN-edited NOE in H20 

Intramolecular Ligand Contacts 

2D 12C,14N(Fl)/12C,14N(F2)-filtered NOE in H,Oa H (j)-lZC(j)- - - - - - - H (i)-12C(i) 
~ ( j ) - 1 4 ~ ( j )  _ _ _ _ _ _ _  H (i)J*C(i) 

~ ( j ) -14~( j )  _ _ _ _ _ _ _  H (i)J4N(i) 
H(j)-lZC(j) _ _ _ _  _ _ _  H (i)-l2C(i) 

H(j)-lZC(j) _ _ _ _ _ _ _  H (i)-14N(i) 

2D 12C(Fl)/12C(F2)-fiItered NOE in D,Oa 

Intermolecular Protein-Ligand Contacts 

H ( i)-12C( i) 
H (j)-15N 0)- - - - - - - H(i)-14N(i) 
~(j)_13c(j) _ _ _ _ _ _ _  H(i)-W(i) 

3D 1SN-edited(Fl)/14N,12C(F3)-filtered NOE in H,O H(j)-15N(j) _ _ _ _ _ _ _  
3D 13C-edited(Fl)/12C(Fs)-filtered NOE in D,O 

a Similar heteronuclear-filtered 2D correlation and Hartmann-Hahn spectra can also be 
recorded to assign the spin systems of the ligand. 

solved by NMR was the chemokine interleukin-8 
(Clore et al., 1989, 1990). Since that time, a num- 
ber of other homodimeric systems have been 
solved, including the Arc repressor (Breg et al., 
1990; Bonvin et al., 1994), the gene 5 protein 
from M13 (Folkers et al., 1994); the chemokines 
hMIP-1P (Lodi et al., 1994), GRO/MGSA 
(Fairbrother et al., 1994; Kim et al., 1994), 
RANTES (Skelton et al., 1995), the Mnt repres- 
sor (Burgering et al., 1994), and the DNA-bind- 
ing domain of HIV-1 integrase (Lodi et al., 1995, 
and Eijkelenboom et al., 1995). More recently, 
the methodology has been extended to a tetramer, 
namely, the oligomerization domain of the tumor 
suppressor p53 (Clore et al., 1994, 1995a, b; Lee 
et al., 1994). 

Ill. THREE- AND FOUR-DIMENSIONAL 
NMR 

A. Sequential Assignment 

Conventional sequential resonance assignment 
relies on 2D homonuclear IH-lH correlation ex- 
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periments to identify amino acid spin systems 
coupled with 2D *H-*H NOE experiments to iden- 
tify sequential connectivities along the backbone 
of the type CaH(i)-NH(i+l ,2,3,4), NH(i)-NH(X), 
and CaH(i)-CPH(i+3) (Wiithrich, 1986; Clore and 
Gronenborn, 1987). This methodology has been 
successfully applied to proteins of less than 100 
residues. For larger proteins, the spectral com- 
plexity is such that 2D experiments no longer 
suffice, and it is essential to increase the spectral 
resolution by increasing the dimensionality of the 
spectra (Oschkinat et al., 1988; Vuister et al., 
1988). In some cases, it is still possible to apply 
the same sequential assignment strategy by mak- 
ing use of 3D heteronuclear (15N or 13C)-edited 
experiments to increase the spectral resolution 
(Marion et al., 1989; Zuiderweg and Fesik, 1989; 
Driscoll et al., 1990). Frequently, however, nu- 
merous ambiguities still remain, and it is advis- 
able to adopt a sequential assignment strategy 
based solely on well-defined heteronuclear scalar 
couplings (Montelione and Wagner, 1990; Ikura 
et nl., 1990; Clore and Gronenborn, 1991c; Bax 
and Grzesiek, 1993). The double and triple reso- 
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nance experiments that we currently use together 
with the correlations that they demonstrate are 
summarized in Table 2. With the advent of pulsed 
field gradients to eliminate undesired coherence 
transfer pathways (Bax and Pochapsky, 1992), as 
opposed to selecting desired coherence transfer 
pathways (Hurd and John, 1991; Vuister et al., 
1991), it is now possible to employ only two-step 
phase cycles without any loss in sensitivity (other 
than that due to the reduction in measurement 
time) such that each 3D experiment can be re- 
corded in as little as 7 h. In most cases, however, 
signal-to-noise requirements necessitate 1 to 3 d 
of measuring time, depending on the experiment. 

B. Stereospecific Assignments and 
Torsion Angle Restraints 

It is often possible to obtain stereospecific 
assignments of P-methylene protons on the basis 

of a qualitative interpretation of the homonuclear 
3Ja, coupling constants and the intraresidue NOE 
data involving the NH, CaH, and CPH protons 
(Wagner et al., 1987; Hyberts et al., 1987). A 
more rigorous approach, which also permits one 
to obtain 4, w, and x restraints, involves the appli- 
cation of a conformational grid search of 4, w, ~1 
space on the basis of the homonuclear 3JHNa and 
3JaP coupling constants (which are related to + and 
x , ,  respectively), and the intraresidue and sequen- 
tial interresidue NOEs involving the NH, CaH, 
and CPH protons (Giinter et al., 1989; Nilges et 
al., 1990). This information can be supplemented 
by the measurement of heteronuclear 3J,,B and 
3JcoHp couplings, which are also related to ~1 
(Bax et al., 1994). Stereospecific assignment of 
valine methyl groups can be made on the basis of 
3Jcs0, 3JNcr couplings (Bax et al., 1994), as well 
as on the basis of the pattern of intraresidue NOEs 
involving the NH, CaH, and CTH protons 

TABLE 2 
Summary of Correlations Observed in the 3D Double and Triple 
Resonance Experiments Used for Sequential and Side-Chain Assignments 
in Our Laboratory 

Experiment 

'SN-edited HOHAHA 

HNHA 
H(CA)NH 

HNCA 

HN(C0)CA 
HNCO 
HCACO 
HCA(C0)N 
CBCA(C0)NH 
CBCANH 

HBHA(C0)NH 
HBHANH 

C(C0)NH 
H(CC0)NH 
HCCH-COSYb 
HCCH-TOCSY 

Correlation 

OH( i)-15N( i)-NH( i) 
CPH(i)-lSN(i)-NH(i) 
CuHH(i)-lSN(i)-NH(i) 
C"H( i)-l 5N (i)-NH (i) 
C"H(i-I)-'SN(i)-NH(i) 

i)-lSN(i)-NH(i) 
13Cu(i-l )-l 5N (i)-NH (i) 
13Cu(i-I)-'sN(i)-NH( i) 
13CO(i-1)-1sN(i)-NH(i) 
CaH(i)-13Ca(i)-13CO(i) 
C'H(i)-13Ca(i)-1SN(i+1 ) 
13CL3(i-l)/13Ca(i-l)-15N(i)-NH(i) 
13CL3(i)/13Cu(i)-15N(i)-NH(i) 
'3CS(i-l )/l3CU(i-l )JSN( i)-NH( i) 
CbH(i-l)/CaH(i-l )-15N(i)-NH(i) 
CPH( i)/CuH( i)J 5N (I)-NH (i) 
CeH(i-1)/C'H(i-l)-15N(i)-NH(i) 
13Cj(i-l)-1SN(i)-NH(i) 
Hj(i-1 )-15N(i)-NH(i) 

1 
Hj-l3cj-l3Cj*l_Hj*1 
Hj-13Cj. . .13Cj*n-H'*n 

J coupling. 

3JHNa 
3 J ~ ~ u  and 3Jup 

3JHNu 

lJNCu 

2JNCu 

lJNCU 

2JNCa 

' JNCO and Jcaco 
lJNCO 

Jcuco 
' JCaCO and ' JNCO 

'JcacoI 'JNco, and 'Jcc 
lJNCu and 'JCc 
2JNCu and 'JCc 
lJcuco, 'JNCO~ and lJCc 

JNCu and Jcc 
'JNCa and lJCc 
lJcucol 'JNco~ and 'JCc 
lJcaco, lJNc0, and lJCc 

' Jcc 
' Jcc 

a In addition to the couplings indicated, all the experiments make use of the 'JcH(-140 Hz) 
and/or lJN,(-95 Hz) couplings. The values of the couplings employed are as follows: 

Hz. 
COSY, correlation spectroscopy. 

3 J ~ ~ u ,  -3 to 10 Hz; 'Jcc, -35 HZ; 'JCaC0, -55 HZ 'JNCo, -15 Hz; 'JNCat -11 Hz; 2JN~u l  -7 
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(Zuiderweg et al., 1985). Finally, stereospecific 
assignments of leucine methyl groups can be made 
on the basis of heteronuclear 3Jcsca and 3JCSHp 
couplings (Bax et al., 1994) in combination with 
the pattern of intraresidue NOES, provided that 
the stereospecific assignment of the P-methylene 
protons and the x1 rotamer have been determined 
previously (Powers et al., 1993). A summary of 
the heteronuclear quantitative J correlation ex- 
periments that we currently employ is provided in 
Table 3. 

C. Assignment of Through-Space 
Proton-Proton Interactions with a 
Protein 

While the panoply of 3D heteronuclear ex- 
periments is sufficient for the purposes of spectral 
assignment, further increases in resolution are 
required for the reliable identification of NOE 
through-space interactions. This can be achieved 
by extending the dimensionality still further to 
four dimensions (Kay et al., 1990). This is illus- 
trated in Plate 1 .* Consider a simple 2D spectrum 
demonstrating 1 1 cross peaks from aliphatic reso- 
nances to a single proton resonance position. In 
the 2D spectrum, it is impossible to ascertain 
whether this destination resonance involves one 

TABLE 3 

proton or many. Extending the spectrum to 3D by 
separating the NOE interactions according to the 
chemical shift of the heavy atom (IsN or 13C) 
attached to each proton reveals that three indi- 
vidual protons are involved. The identity of the 
originating aliphatic protons, however, is only 
specified by their proton chemical shifts. Because 
the extent of spectral overlap in the aliphatic re- 
gion of the spectrum is considerable, additional 
editing is necessary. This is achieved by adding a 
further dimension such that each plane of the 3D 
spectrum now constitutes a cube in the 4D spec- 
trum edited by the 13C shift of the carbon atom 
attached to each of the originating protons. In this 
manner, each IH-IH NOE interaction is specified 
by four chemical shift coordinates, the two pro- 
tons giving rise to the NOE and the heavy atoms 
to which they are attached. 

Because the number of NOE interactions 
present in each 2D plane of a 4D 13C/15N- or 13C/ 
13C-edited NOE spectrum is so small, the inherent 
resolution in a 4D spectrum is extremely high, 
despite the low level of digitization. Indeed, spec- 
tra with equivalent resolution can be recorded at 
magnetic field strengths considerably lower than 
600 MHz, although this would obviously lead to 
a reduction in sensitivity. Further, it can be calcu- 
lated that 4D spectra with a virtual lack of reso- 
nance overlap and good sensitivity can be ob- 

Experiments Currently Used in Our Laboratory to Determine Three-Bond Coupling 
Constants by Quantitative J Correlation Spectroscopy 

Experiment Three-bond coupling Torsion angle 

3D HNHA 
20 13C-(15N} -spin-echo difference CT-HSQCa 
2D 13C-{13CO} -spin-echo difference CT-HSQC 
3D HN(C0)HB 
3D HNHB 
3D HACAHB 
2D or 3D lH-detected long-range C-C COSY 

3D 'H-detected [IJC-IH] long-range COSY 

3JHNa 4 

3 J ~ ~ H B  x1 
3JNHg X1 
3Ja, X1 

3Jc, 
3JcYc, 

x1 of Thr and Val 
x1 of Thr and Val 

3Jc12 

3JcH 

x2 of Leu and lie 
x3 of Met 
x2 of Leu and Ile 
x3 of Met 

Note: Details of all experiments are provided in the review by Bax et al. (1994), with the exception 
of the 3D HACAHB experiment (Grzesiek et al., 1995). 

a CT-HSQC, constant time heteronuclear single quantum coherence. 

* Plates 1 through 12 appear after page 378. 
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tained on proteins with as many as 400 residues. 
Thus, once complete 'H, 15N, and I3C assignments 
are obtained, analysis of 4D 15NP3C (Kay et al., 
1990)- and 13CP3C (Clore et al., 199 1 a; Zuiderweg 
et al., 1991; Vuister et al., 1993)-edited NOE 
spectra should permit the assignment of almost 
all NOE interactions in a relatively straightfor- 
ward manner. The first successful application of 
these methods to the structure determination of a 
protein greater than 15 kDa was achieved in I99 1 
with the determination of the solution structure of 
interleukin-l P, a protein of 17 kDa, and 153 resi- 
dues (Clore et al., 1991b). 

IV. PRECISION AND ACCURACY OF 
NMR STRUCTURES 

The quality of an NMR protein structure de- 
termination increases as the number of restraints 
increases (Havel and Wuthrich, 1985; Clore and 
Gronenborn, 1991a, d; Havel, 1991; Clore et al., 
1993a). Irrespective of the algorithm employed, 
any structure determination by NMR seeks to 
find the global minimum region of a target func- 
tion F given by: 

where F,,,, Fvdw, and FNMR are terms representing 
the covalent geometry, the nonbonded contacts, 
and the experimental NMR restraints, respectively. 
Systematic bias arising from the different algo- 
rithms used to calculate the structures may be 
introduced via the first two terms, F,,, and Fvdw, in 
Equation 1. 

As the values of bond lengths, bond angles, 
planes, and chirality are known to very high accu- 
racy, it is clear that the deviations from idealized 
geometry, as represented by the term F,,,, should 
be kept very small. Acceptable deviations are 
10.006 8, for bonds, 52" for angles, and 50.5' for 
improper torsions (i.e., planarity and chirality). In 
algorithms operating in torsion angle space, the 
covalent geometry is fixed so that the deviations 
from idealized geometry are zero. In contrast, in 
algorithms operating in Cartesian coordinate space, 
it is essential to use appropriate values of the 
force constants to ensure that the deviations from 
idealized geometry fall within these ranges. 

The second term, Fvdw, representing the 
nonbonded contacts, is associated with consider- 
ably more uncertainty than the covalent geom- 
etry. Given the numerous ways to represent Fvdw 
(e.g., a simple van der Waals repulsion term or a 
complete empirical energy function, including a 
van der Waals Lennard-Jones 6-12 potential, an 
electrostatic potential, and a hydrogen bonding 
potential), it is evident that variability is intro- 
duced via Fvdw. It is therefore essential to ensure 
that the calculated structures display good 
nonbonded contacts. This can be assessed, for 
example, by calculating the Lennard-Jones en- 
ergy even if this has not been employed in the 
target function. We previously investigated the 
uncertainties in the representation of the van der 
Waals term, in particular variations in the van der 
Waals radii, and found that they introduce an 
uncertainty of 0.2 to 0.3 8, in the accuracy of the 
coordinates (Clore et al., 1993a). 

Because uncertainties associated with ideal- 
ized geometry and van der Wads representation 
will introduce an error of at most 0.3 A, it follows 
that a major determinant of accuracy resides in 
the number and quality of the experimental NMR 
restraints that enter into the third term, FNMR, in 
Equation 1. 

While a high-resolution, carefully refined 
X-ray structure of a given protein may not be 
identical to the "true" solution structure, it is likely 
to be reasonably close in many instances, as evi- 
denced, for example, by the excellent agreement 
(51 Hz rms deviation) in a number of cases be- 
tween the experimentally determined values of 
the 3JHNa coupling constants in solution and their 
corresponding calculated values from crystal struc- 
tures (Bartik et al., 1993; Vuister and Bax, 1993; 
Garrett et al., 1994). It is therefore instructive to 
examine the dependence of the backbone rms 
difference between NMR and X-ray structures on 
the precision of the NMR structures. This is shown 
in Figure 2 for 14 proteins for which both NMR 
and X-ray structures are available and that are 
representative of some of the different algorithms 
and programs, as well as their implementations, 
used in NMR protein structure determination. 
(Note that not all algorithms or NMR structure 
laboratories are represented because we have only 
included NMR structures for which there exists a 
corresponding X-ray structure and that have a 
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Precision of NMR structures (A) 

FIGURE 2. Correlation between backbone precision of NMR structures and their agreement with 
X-ray structures. Where the backbone rms difference between the average NMR coordinates 
(NMR) and the corresponding X-ray structures is available, the values aFe represented as circles. 
When only the average backbone rms difference between an ensemble of NMR structures ((NMR)) 
and the corresponding X-ray structure is quoted in the literature, squares are used. The straight line 
represents a linear fit to the data with a slope of 0.70, an intercept of 0.45 A, and a correlation 
coefficient of 0.9. p53(mon), p53(dim), and p53(tet) are the monomer, dimer, and tetramer, 
respectively, of the p53 oligomerization domain (Clore et al., 1995b); IL-8, interleukind monomer 
(Clore et al., 1990; Clore and Gronenborn, 1991e); Hir (new), highly refined structure of hirudin 
(Szyperski et al., 1992); IL-1, interleukin-1P (Clore et al., 1991 b; Clore and Gronenborn, 1991 b); 
BPTI, bovine pancreatic trypsin inhibitor (Berndt et al., 1992); eglin c (Hyberts et al., 1992); PC, 
French bean plastocyanin (Moore et al., 1991); tendamistat (Billeter et al., 1989); Hir (old), hirudin 
(Folkers et al., 1989; Clore and Gronenborn, 19919; Cyp-CsA, cyclophilin Ncyclosporin A complex 
(Spitzfaden et al., 1994); Mb, carbonmonoxy myoglobin (helices plus heme; Osapay et al., 1994); 
CPI, potato carboxypeptidase inhibitor (Clore et al., 1987a); PCP-B, procarboxypeptidase B (Billeter 
et al., 1992); BSPI, barley serine proteinase inhibitor 2 (Clore et al., 1987b). The values given 
exclude conformationally disordered regions as described in the papers describing the structure 
determinations. Note that the NMR structures of IL-8 (Clore et al., 1990) and Hir(old) (Folkers et al., 
1989) were obtained prior to the corresponding X-ray structures, and that the NMR structure of 
tendamistat was obtained independently of and at the same time as the X-ray structure. 

precision of 1.5 8, or better.) An obvious linear 
relationship is evident. In addition, in cases where 
both low- and high-precision NMR structures are 
available for the same protein, the high-precision 
structure is significantly closer to the X-ray struc- 
ture than the low-precision one (e.g., the two 
hirudin structures [Folkers et al., 1989; Szyperski 
et al., 19921 and the structure of barley serine 
proteinase inhibitor-2 and the related eglin c [Clore 

et al., 1987a; Hyberts et al., 19921). The data can 
readily be fit to a straight line with a correlation 
coefficient of 0.9 and a limiting rms difference 
between NMR and X-ray structures of about 
0.45 A. Moreover, all the monomeric NMR struc- 
tures with a precision of better than 0.5 A are less 
than 0.85 8, away from the corresponding crystal 
structures. Given the fact that the coordinate er- 
rors in 1.5- to 2-A-resolution X-ray structures are 
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about 0.2 to 0.3 A (Luzzati et al., 1952; Clore and 
Gronenborn, 199 1 b), these data provide strong 
empirical evidence that an accuracy of 0.4 to 
0.8 8, in the backbone coordinates can be ob- 
tained using current NMR methodology. 

As noted by Zhao and Jardetzky (1994), er- 
rors in the experimental NMR restraints, which 
are mainly in the form of interproton distance 
restraints, can lead to a significant loss of accu- 
racy. In their model calculations on crambin, they 
found that structures calculated from artificial data 
sets, comprising an average of 12 and 19 
interproton distance restraints per residue and 
incorporating random errors in 20% of the dis- 
tance restraints within a range of h3 A, displayed 
a reduction in accuracy of 0.8 and 1.1 A, respec- 
tively. Calculations using the larger data set with 
either 50 or 100% of the restraints having random 
errors within a kl-8, range led to reductions in 
accuracy of about 0.6 A. If such errors were real- 
istic for state-of-the-art NMR structure determi- 
nations, their conclusion that the best one could 
hope for was an accuracy within the 1- to 2-%, 
range would be correct. When appropriate care, 
however, is taken in the analysis of both the data 
and the structures generated at successive stages 
of the iterative refinement process, the number of 
errors in the experimental restraints, as well their 
magnitude, is considerably lower. 

Errors in the interproton distance restraints 
can arise from two sources: (1) misassignrnents 
and (2) errors in distance estimates. Errors due to 
misassignments are a common occurrence in low- 
resolution NMR structures, and one can only urge 
the experimenter to exercise extreme care to avoid 
these. Systematic errors in distance estimates may 
be introduced in attempts to obtain precise dis- 
tance restraints. For example, interactive relax- 
ation matrix analysis of the NOE intensities 
(Borgias and James, 1990; Borgias et al., 1990; 
Post et al., 1990) and direct refinement against the 
NOE intensities (Yip and Case, 1991; Nilges et 
al., 1991), while accounting for spin diffusion, 
can result in systematic errors from several sources, 
such as the presence of internal motions (not only 
on the picosecond time scale but also on the nano- 
second to millisecond time scales), insufficient 
time for complete relaxation back to equilibrium 
to occur between successive scans, and differen- 
tial efficiency of magnetization transfer between 

protons and their attached heteronuclei in multi- 
dimensional heteronuclear NOE experiments 
(Clore et al., 1993a). For these reasons, it is prob- 
ably prudent at the present time, at least in the 
case of protein structure determinations, to con- 
vert the NOE intensities into loose approximate 
interproton distance restraints (e.g., 1.8 to 2.7,l.g 
to 3.3, 1.8 to 5.0, and, if appropriate, 1.8 to 6.0 8, 
for strong, medium, weak, and very weak NOEs, 
respectively) with the lower bounds always 
given by the sum of the van der Waals radii of 
two protons and with additional corrections to 
theupper bounds in the case of methyl groups 
and nonstereospecifically assigned protons 
(Williamson et al., 1985; Clore et al., 1986). These 
distance ranges are sufficiently generous to take 
into account all untoward effects in the conver- 
sion of NOE intensities into distances (Wuthrich, 
1986; Clore and Gronenborn, 1989; Clore et al., 
1993a). Using this approach, the only point at 
which errors in the interproton distance restraints 
will be introduced resides at the boundary of two 
distance ranges. 

In the case of experimental structures calcu- 
lated with an incomplete set of restraints (i.e., com- 
prising less than 90% of the structurally useful 
NOEs), there is no doubt that errors, arising from 
misassignments as well as from the incorrect clas- 
sification of NOEs into the various loose approxi- 
mate distance ranges, will occur, resulting in less 
accurate structures. This is due to the fact that until 
a significant degree of redundancy is present in the 
experimental restraints, such errors can often be 
readily accommodated without unduly compromis- 
ing the agreement with either the experimental 
NMR restraints or the restraints for covalent geom- 
etry and nonbonded contacts. However, once 90% 
of the structurally useful NOEs have been assigned, 
and incorporated into the restraints set correspond- 
ing typically to an average of 15 restraints per 
residue with greater than 60% of the NOEs involv- 
ing unique proton pairs, two sensitive and comple- 
mentary techniques can be easily employed to iden- 
tify and correct such errors. 

The first method involves an analysis of the 
distribution of restraints violations in the ensemble 
of calculated structures. If a given restraint is 
systematically violated in more than, say, 20% of 
the calculated structures, even by as little as 0.1 A, 
it is highly likely that it should either be reclassi- 
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fied into the next looser category (i.e., strong to 
medium, medium to weak) or that errors in NOE 
assignments are present (Clore et al., 1993a). 

The second approach employs complete cross- 
validation in order to assess the completeness of 
the experimental restraints and the degree to which 
each distance restraint can be predicted by the 
remaining ones (Briinger et al., 1993). Typically, 
this involves calculating a series of simulated 
annealing calculations in which the restraints are 
randomly partitioned into a test set comprising 
about 10% of the data and a reference set. Only 
the reference set is incorporated into the target 
function, and each calculation is carried out with 
a different test and reference set pair, thereby 
permitting one to fully explore the constraining 
power of the experimental restraints. The average 
agreement with all the test sets as well as the 
atomic rms shift following complete cross-vali- 
dation then provides a good indicator of accuracy. 

Finally, a further check on the correctness of 
the structures is provided by verifying that all 
short interproton distances (e.g., less than 3.5 8,) 
predicted by the structures are in fact observed in 
the NOE spectra. Indeed, this procedure forms 
the basis of the iterative refinement process, as 
the structures at each successive stage of refine- 
ment are used to predict all short interproton dis- 
tance contacts, which are then searched for in the 
NOE spectra (Kraulis et al., 1989; Forman-Kay et 
al., 199 1 ; Clore and Gronenborn, 199 1 a; Robien 
et al., 1992). In general, the vast majority of 
interproton distances less than 3.5 8, and cer- 
tainly all those less than 2.5 A, should be ob- 
served. Exceptions can occasionally occur if the 
linewidths of the corresponding resonances are 
severely broadened due to some sort of interme- 
diate chemical exchange process on the chemical 
shift scale (due, for example, to multiple confor- 
mations or microheterogeneity), resulting in se- 
vere attenuation of the NOE cross peaks. 

V. STRUCTURE DETERMINATION OF 
PROTEIN-PEPTIDE COMPLEXES 

A. Structure of the Calmodulin-Target 
Peptide Complex 

Calmodulin (CaM) is an ubiquitous CaZf-bind- 
ing protein of 148 residues that is involved in a 

wide range of cellular Ca2+-dependent signaling 
pathways, thereby regulating the activity of a large 
number of proteins (Cohen and Klee, 1988). The 
crystal structure of Ca2+-CaM was solved a num- 
ber of years ago (Babu et al., 1985). It is a dumb- 
bell-shaped molecule with an overall length of 
-65 8, consisting of two globular domains, each 
of which contains two Ca2+-binding sites of the 
helix-loop-helix type, connected by a long, sol- 
vent-exposed, rigid central helix some eight turns 
in length (residues 66 to 92). In solution, on the 
other hand, lH-lSN NMR relaxation measurements 
have demonstrated unambiguously that the central 
helix is disrupted near its midpoint, with residues 
78 to 81 adopting an essentially unstructured “ran- 
dom coil” conformation that is so flexible that the 
N- and C-terminal domains of Ca2+-CaM effec- 
tively tumble independently of each other (Barbato 
et al., 1992). Thus, in solution, the so-called “cen- 
tral helix” is not a helix at all but a “flexible tether” 
whose purpose is to keep the two domains in close 
proximity for binding to their target. 

In order to understand the way in which 
Ca2’-CaM recognizes its target sites, we set out 
to solve, in collaboration with Ad Bax, the solu- 
tion structure of a complex of Ca2+-CaM with a 
26-residue peptide (known as M13) comprising 
residues 577 to 602 of the calmodulin-binding 
domain of skeletal muscle myosin light-chain 
kinase (Ikura et al., 1992; Clore et al., 1993b). 
The solution structure, a ribbon diagram of which 
is shown in Plate 2, was determined on the basis 
of 1995 experimental NMR restraints, including 
133 interproton distance restraints between the 
peptide and the protein. The N (residues 1 to 5) 
and C (residues 147 and 148) termini of CaM, 
the tether connecting the two domains of CaM 
(residues 74 to 82), and the N (residues 1 and 2) 
and C (residues 22 to 26) termini of M 13 were 
ill-defined by the NMR data and appear to be 
disordered in solution. The atomic rms distribu- 
tion about the mean coordinate positions (that is 
the precision of the coordinates) for the rest of 
the structure (Le., residues 6 to 73 and 83 to 146 
of CaM and residues 3 to 2 1 of M 13) is I .O 8, for 
the backbone atoms and 1.4 8, for all atoms. 
Thus, this structure represents a second-genera- 
tion structure in the classification of Clore and 
Gronenborn (199 la). Subsequent determination 
of the X-ray structure of CaM with a related 
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peptide from smooth muscle myosin light-chain 
kinase (Meador et al., 1992) revealed essentially 
an identical conformation of the complex in the 
crystal. 

The major conformational change in Ca2+- 
CaM that occurs after binding M13 involves an 
extension of the flexible tether (residues 78 to 8 1) 
in the middle of the “central” helix of the solution 
structure of free Ca2+-CaM to a long, flexible loop 
extending from residues 74 to 8 1, flanked by two 
helices (residues 65 to 73 and 83 to 93), thereby 
enabling the two domains to come together, grip- 
ping the peptide rather like two hands holding a 
rope. The hydrophobic channel formed by the 
two domains is complementary in shape to that of 
the peptide helix. This is clearly illustrated by the 
schematic ribbon drawing shown in Plate 2, which 
also serves to highlight the approximate twofold 
pseudosymmetry of the complex. Thus, whereas 
the two domains of CaM are arranged in an ap- 
proximately orthogonal manner to each other in 

the crystal structure of CaZ+-CaM (Babu et al., 
1985), in the Ca2+-CaM-MI3 complex they are 
almost symmetrically related by a 180” rotation 
about a twofold axis. The two domains of CaM 
are staggered with a small degree of overlap such 
that the hydrophobic face of the N-terminal do- 
main mainly contacts the C-terminal half of the 
M13 peptide, while the C-terminal domain prin- 
cipally interacts with the N-terminal half of M 13. 
A large conformational change also occurs in the 
M13 peptide upon complexation from a random 
coil state to a well-defined helical conformation. 
Indeed, the helix involves all the residues (3 to 
21) of M13 that interact with CaM, while the N 
(residues 1 and 2) and C (residues 22 to 26) 
termini of the peptide, which do not interact with 
CaM, remain disordered. 

The Ca2+-CaM-M 13 complex is stabilized by 
numerous hydrophobic interactions, supplemented 
by some electrostatic interactions, which are sum- 
marized in Figure 3. Particularly striking are the 

C-DOMA IN 

M51 
vs5 
M7l  

H-DOMAIN 

FIGURE 3. Summary of the residue pairs for which intermolecular NOES between CaM and M I 3  are observed. 
CaM residues involved in hydrophobic interactions are boxed. Also included are potential electrostatic interactions 
between negatively charged Glu residues of CaM (shown in parentheses) and positively charged Lys and Arg 
residues of M13. (Adapted from lkura et al., 1992.) 
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interactions of Trp-4 and Phe-17 of the peptide, 
which serve to anchor the N- and C-terminal halves 
of M13 to the C- and N-terminal hydrophobic 
patches of CaM, respectively (Plate 2). These 
interactions also involve a large number of me- 
thionine residues that are unusually abundant in 
CaM, in particular four methionines in the 
C-terminal domain (Met-109, Met-124, Met-144, 
and Met-145) and three methionines in the 
N-terminal domain (Met-36, Met-51, and Met- 
71). As rnethionine is an unbranched hydropho- 
bic residue extending over four heavy atoms (Cp, 
0, S8, and CE), the abundance of methionines can 
generate a hydrophobic surface whose detailed 
topology is readily adjusted by minor changes in 
side-chain conformation, thereby providing a 
mechanism to accommodate and recognize dif- 
ferent bound peptides (O’Neil and DeGrado, 
1990). 

The solution structure of the complex of 
Ca2+-CaM with M13 reveals an unusual binding 
mode in which the target peptide is sequestrated 
into a hydrophobic channel formed by the two 
domains of CaM with interactions involving 19 
residues of the target peptide (i.e., residues 3 to 2 1 
of M 13). This particular mode of binding is there- 
fore only likely to occur if the CaM-binding site 
is located either at an easily accessible C or N 
terminus or in a long, exposed surface loop of the 
target protein. An example of the former is myo- 
sin light-chain kinase and of the latter is 
calcineurin. In accordance with their location, the 
CaM binding sites are susceptible to proteolysis 
(Blumenthal and Krebs, 1987; Guerini and Klee, 
1991). Clearly, other types of complexes between 
Ca2+-CaM and its target proteins are possible given 
the inherent flexibility of the central helix. 

, 

B. Structure of Human Thioredoxin in a 
Mixed Disulfide Intermediate Complex 
with its Target Peptide from the 
Transcription Factor NFKB 

Recently, it has been shown that human 
thioredoxin, a 12-kDa cellular redox protein, is 
responsible for activating the cellular transcrip- 
tion factor NFKB by reducing a disulfide bond 
involving Cys62 of the p50 subunit (Matthews 

et al., 1992; Hayashi et al., 1993; Mitomo et al., 
1994). Using multidimensional heteronuclear-ed- 
ited and -filtered NMR spectroscopy, we solved 
the solution structure of a complex of human 
thioredoxin and a 13-residue peptide comprising 
residues 56 to 68 of the p50 subunit (Qin et al., 
1995). This structure represents a kinetically stable, 
mixed disulfide intermediate along the reaction 
pathway. 

The proposed mechanism of disulfide bond 
reduction by thioredoxin involves nucleophilic 
attack by the highly reactive Cys32 thiolate anion 
(pK, -6.3 in hTRX; Forman-Kay et al., 1992) of 
the reduced species on a disulfide-containing sub- 
strate, producing a mixed disulfide intermediate, 
followed by attack of the thiolate of Cys35 (pK, 
-7.5 to 8.6 in hTRX; Forman-Kay et al., 1992) to 
yield a reduced substrate and oxidized TRX (Kallis 
and Holmgren, 1980). We therefore trapped a 
kinetically stable, mixed disulfide intermediate of 
hTRX and the NFKB peptide using the quadruple 
Cys + Ala mutant (C35A, C62A, C69A, and 
C73A) of hTRX, which retains as the sole cys- 
teine the reactive Cys32. The three cysteine mu- 
tations at positions.62,69, and 73 were previously 
introduced in our study of the structures of re- 
duced and oxidized hTRX to circumvent any prob- 
lems arising from intermolecular disulfide bond 
formation on oxidation (Qin et al., 1994). The 
mixed disulfide intermediate was formed by re- 
acting the mutated hTRX with the NFKB peptide 
at pH 8, and the complex was purified by HPLC. 
A similar strategy was employed to determine the 
structure of a mixed disulfide intermediate of 
glutaredoxin and glutathione (Bushweller et al., 
1994). 

The structure was solved by means of multi- 
dimensional double and triple resonance hetero- 
nuclear-filtered and -edited NMR spectroscopy 
making use of the NFKB peptide at natural isoto- 
pic abundance (i.e., 12C and lJN), and uniformly 
(>95%) 15N- and 15N/*3C-labeled hTRX. An ex- 
ample of the quality of the data is shown in Fig- 
ure 4, which illustrates strips taken from the 3D 
I3C-edited (F2)/I2C(F,)-filtered NOE spectrum that 
provide short interproton distance contacts spe- 
cifically between 13C-attached protons of hTRX 
and IT-attached protons of the unlabeled NFKB 
peptide. 
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The structure determination was based on 3 169 
experimental NMR restraints. A stereoview of a 
best-fit superposition of the backbone atoms and 
ordered side chains for the final 60 simulated 
annealing structures is shown in Plate 3. The 
restraints comprised 2582 approximate distance 
restraints, as follows: 2357 intramolecular hTRX 
interproton distance restraints (subdivided into 
690 intraresidue restraints and 503 sequential (li- 
jl=l), 437 short-range (1 < li-jl I 5 ) ,  and 727 long- 
range (li-jl >5)  interresidue restraints), 115 in- 
tramolecular NFKB peptide interproton distance 
restraints (subdivided into 64 intraresidue, 38 se- 
quential and 13 medium-range interresidue re- 
straints), 74 intermolecular hTRX-NFKB inter- 
proton distance restraints, and 36 distance restraints 
for 18 hydrogen bonds in hTRX. These were 
supplemented by 300 torsion angle restraints 
(104 @, 76 w. 78 x1, and 31 x2 restraints for 
hTRX, and 7 x 1 and 4 x2 restraints for the NFKB 
peptide), 88 ,JHNa coupling constant restraints, 
and 102 13Ca and 97 13CP chemical shift restraints. 
The N (residue 56)- and C (residue 68)-terminal 
residues of the NFKB peptide, which are not in 
contact with hTRX, are disordered. The remain- 
der of the complex is very well defined, with a 
precision of 0.21 k 0.02 8, for the backbone at- 
oms, 0.57 * 0.03 8, for all atoms, and 0.34 f 
0.03 8, for all ordered atoms. 

The overall structure of hTRX in the complex 
is similar to that of oxidized and reduced hTRX 
(Qin et al., 1994) and is characterized by a five- 
stranded P-sheet (residues 1 to 5, 22 to 28, 53 to 
59,75 to 81, and 84 to 91) arranged in a -2x, +lx, 
-2, -1 topology and surrounded by four a-helices 
(residues 7 to 17, 33 to 49, 62 to 70, and 94 to 
105). The backbone atomic rms difference be- 
tween the mean coordinates of the hTRX-NFKB 
complex and oxidized hTRX, the hTRX-NFKB 
complex and reduced hTRX, and reduced and 
oxidized hTRX are 0.64, 0.83, and 0.86 A, re- 
spectively, and the corresponding values for all 
atoms are 0.78, 1.0, and 1.0 A, respectively. As 
the precision of the solution structures of reduced 
and oxidized hTRX (Qin et al., 1994) is compa- 
rable to that of the complex with the NFKB pep- 
tide, the differences between all the structures, 
albeit small, are significant. Thus, the overall struc- 
ture of hTRX in the complex is slightly closer to 

that of the oxidized species than to the reduced 
one. 

To facilitate discussion, we denote the resi- 
due numbering of the NFKB peptide as follows: 
So represents the disulfide-bonded cysteine, and 
negative and positive numbers indicate residues 
N and C terminal to this cysteine, respectively. 
Residues S-,(Arg57) to S+,(Pro65) are in contact 
with hTRX, binding in a crescent-like conforma- 
tion to a boot-shaped cleft on the surface of hTRX, 
8 to 10 8, wide and 5 to 6 8, deep, with the shank 
and foot of the boot approximately 18 and 15 8, 
in length, respectively (Plate 4). The angle be- 
tween the long axes of the boot and shank is about 
110". In the views shown in Plate 4, the borders 
of the cleft are formed by the N terminus of helix 
a 2  and the C terminus of helix a 4  that are located 
at the top of hTRX, the active site loop (residues 
3 1 to 36) and the C terminus of strand p3 on the 
left-hand side, and by helix a3, the loop connect- 
ing helix a 3  and strand p4, and strand p5 on the 
right-hand side. The S-,(Arg57) to S-,(Arg59) 
residues are located in the boot of the cleft, while 
the S-,(Tyr60) to S+,(Pr065) residues are located 
in the shank of the cleft. The side chain of the 
S-,(Arg59) residue points directly into the heel of 
the cleft. The chain of the NFKB peptide follows 
the cleft such that there is a smooth 110" bend 
centered around the S-,(Tyr60) residue. The 
S+,(Pro65) residue abuts the uppermost point of 
the cleft whose boundaries force the chain of the 
NFKB peptide to reverse direction, resulting in a 
turn centered around the S+,(Pro65) and S,(Ser66) 
residues, accompanied by a backbone carbonyl- 
to-amide hydrogen bond between the S+,(Gly64) 
and S+,(His67) residues. As a result, the polypep- 
tide backbone of the NFKB peptide is defined up 
to the C a  carbon of the S,, residue; the side chain 
of this residue makes no contact with hTRX and 
is disordered. 

The disulfide bridge between Cys32 of hTRX 
and S,(Cys62) has a right-handed truns-truns- 
gauche(+)-trans-gauche(-) conformation with a 
Ca-Ca separation of 6.8 A, similar to that of the 
disulfides that span the P-barrels in immunoglo- 
bulins (Richardson, 1981). In addition to the co- 
valent linkage afforded by the disulfide bridge, 
the complex between the NFKB peptide and hTRX 
is stabilized by numerous noncovalent interac- 
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/ ' bYHS67 
COhHzQ63 

FIGURE 5. Schematic representation showing the interactions between the NFKB peptide and hTRX. Residues 
of hTRX involved in hydrophobic interactions with the peptide are circled, and the dashed lines indicate hydrogen 
bonds, salt bridges, or electrostatic interaktions. Only residues 57 to 65 of the NFKB peptide, which are in contact 
with hTRX, are shown, and the residues of the peptide and hTRX are depicted by upper- and lower-case letters, 
respectively. (From Qin, J., Clore, G. M., Kennedy, W. M. P., Huth, J. R., and Gronenborn, A. M., Structure, 3, 289, 
1995. With permission.) 

tions that confer specificity to substrate binding. 
These are illustrated in detail in Figure 5.  

There are three backbone hydrogen bonds 
between the NFKB peptide and hTRX in the im- 
mediate vicinity of the S,(Cys62) residue. In par- 
ticular, the backbone carbonyl of the S-,(Tyr60) 
residue is hydrogen bonded to the backbone amide 
of Thr74, and the backbone amide and carbonyl 
of S+,(Glu63) are hydrogen bonded to the back- 
bone carbonyl of Thr74 and the backbone amide 
of Ala92, respectively. There are five electro- 

static interactions involving three side chains of 
the NFKB peptide. The guanidinium group of the 
S,(Arg57) residue forms a salt bridge with the 
side chain carboxylates of Asp58 and Asp61, the 
guanidinium group of the S-,(Arg59) residue is 
hydrogen bonded to the side chain carbonyl of 
Gln63 and the hydroxyl group of Ser67, and the 
carboxylate of the S+,(Glu63) residue forms a 
hydrogen bond with the hydroxyl group of Ser90. 
It should be noted that, on the basis of pH titration 
data, the carboxylate groups of Asp58 and Asp61 
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are negatively charged at the pH of 4.4 employed 
in this study. In addition, it seems likely that the 
hydroxyl group of the S-,(Tyr60) residue is hy- 
drogen bonded to the backbone carbonyl of Phe27 
via a bridging water molecule. Finally, there is an 
extensive set of hydrophobic interactions. The 
aromatic ring of the S,(Phe58) residue is stacked 
against the six-membered ring of Trp31; the ali- 
phatic portion of the side chain of the S_,(Arg59) 
residue is in contact with the methyl groups 
ofVa159 and Ala66; the aromatic ring of the 
S,(Tyr60) residue is in contact with the methyl 
groups of Va159, Ala66, Va171, and Thr74; the 
P-methine of the S-,(Va161) residue and the p- 
and y-methylene groups of the S+,(Glu63) residue 
are in contact with Ala73; the disulfide bridge 
comprising the So(Cys62) residue is in contact 
with the methyl group of Ala35 and the side 
chains of Pro34 and Pro75; the S+,(Gly64) resi- 
due is in contact with Pro34; and, finally, the 
S+,(Pro65) residue is in contact with Pro34, the 
C6 methyl and Cy methylene groups of Ile38, the 
Cp and Cy methylene groups of Met37, and the 
methyl group of Ala92. 

Following an attack on the disulfide bridge 
between Cys32 and So(Cys62) by the Cys35 
thiolate anion (which, from the position of Ah35 
in the present structure, would be positioned di- 
rectly on top of the disulfide bridge) and the 
subsequent formation of an intramolecular Cys32- 
Cys35 disulfide bond, it is clear that the affinity 
of the peptide would have to be much reduced to 
permit its release. We suggest that this is accom- 
plished as follows. Formation of the intramolecu- 
lar disulfide bridge will necessarily alter the posi- 
tioning of the S,(Cys62) residue to avoid steric 
clash. This in turn is likely to disrupt the back- 
bone hydrogen bonds involving the s-, and s+, 
residues, thereby reducing the affinity of the pep- 
tide for oxidized hTRX. In this regard it is inter- 
esting to note that the aperture of the cleft formed 
by the active site and the two opposing loops 
(residues 74 to 76 and 90 to 92) as measured by 
the Ca-Ca distances between CydAla35, Pro75, 
and Ala92 is 10 to 20% wider in the oxidized 
protein than in the complex. We should also note 
that in the intact system, NFKB itself may un- 
dergo a conformational change upon reduction 
that facilitates its release. 

V. STRUCTURE DETERMINATION OF 
PROTEIN-DNA COMPLEXES 

A. Structure of the Specific Complex of 
the Transcription Factor GATA-1 with 
DNA 

The erythroid-specific transcription factor 
GATA-1 is responsible for regulation of the tran- 
scription of erythroid-expressed genes and is an 
essential component required for the generation 
of the erythroid lineage (Orkin, 1992). GATA-1 
binds specifically as a monomer to the asymmet- 
ric consensus target sequence (T/A)GATA(A/G) 
found in the cis-regulatory elements of all globin 
genes and most other erythroid-specific genes that 
have been examined (Evans and Felsenfeld, 1989). 
GATA-1 was the first member of a family of 
proteins, which now includes regulatory proteins 
expressed in other cell lineages, characterized by 
their recognition of the GATA DNA sequence 
and by the presence of two metal-binding regions 
of the form Cys-X-X-Cys-(X),,-Cys-X-X-Cys 
separated by 29 residues. Mutation and deletion 
studies on GATA-1 have indicated that the N- 
terminal metal-binding region is not required for 
specific DNA binding (Martin and Orkin, 1986), 
and studies with synthetic peptides have demon- 
strated conclusively that a 59-residue fragment 
(residues 158 to 216 of chicken GATA-1) com- 
prising the C-terminal metal-binding region 
complexed to zinc and 28 residues C-terminal to 
the last Cys constitutes the minimal unit required 
for specific binding (K,,, -1.2 x lo8 M-') 
(Omichinski et al., 1993b). In order to understand 
the mechanism of specific DNA recognition by 
GATA-1, the solution structure of the specific 
complex of a 66-residue fragment (residues 158 
to 223) comprising the DNA-binding domain of 
chicken GATA-1 (cGATA-1) with a 16-base pair 
oligonucleotide containing the target sequence 
AGATAA was determined by means of multidi- 
mensional heteronuclear-filtered and -separated 
NMR spectroscopy (Omichinski et al., 1993a). 

The structure calculations were based on a 
total of 1772 experimental NMR restraints, in- 
cluding 1 17 intermolecular interproton distance 
restraints between the protein and the DNA. The 
N (residue 1) and C (residues 60 to 66) termini of 
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the protein are disordered. Base pairs 6 to 13 of 
the DNA are in contact with the cGATA-1 DNA- 
binding domain and are well defined both locally 
and globally. The orientation, however, of the 
first five and last three base pairs of the DNA, 
which are not in contact with the protein, is poorly 
defined with respect to the core of the complex, 
although the conformation of each of these bases 
at a local level is reasonably well defined. This is 
due to the fact that, in addition to their approxi- 
mate nature, the interproton distance restraints 
within the DNA are solely sequential. Hence, 
they are inadequate to ascertain the relative orien- 
tation of base pairs separated by more than five to 
six steps with any great degree of precision and 
accuracy. The global conformation of the central 
eight base pairs, on the other hand, is determined 
not only by the restraints within the DNA, but 
more importantly by the large number of intermo- 
lecular interproton distance restraints between the 
protein and DNA. The precision of the coordi- 
nates for the complex proper (i.e., residues 2 to 59 
of the protein and base pairs 6 to 13 of the DNA) 
is 0.70 k 0.13 and 1.13 f 0.08 8, for protein 
backbone plus DNA and all protein atoms plus 
DNA, respectively. 

The protein can be divided into two modules: 
the protein core, which consists of residues 2 to 
5 1 and contains the zinc coordination site, and an 
extended C-terminal tail (residues 52 to 59). 

A schematic ribbon drawing of the core is 
presented in Figure 6. The core starts out with a 
turn (residues 2 to 5 ) ,  followed by two short 
irregular antiparallel P-sheets, a helix (residues 
28 to 38), and a long loop (residues 39 to 5 1) that 
includes a helical turn (residues 44 to 47) as well 
as an GI-like loop (residues 47 to 5 1). P-strands 1 
(residues 5 to 7) and 2 (residues 1 1 to 14) form the 
first P-sheet, while P-strands 3 (residues 18 to 2 1) 
and 4 (residues 24 to 27) form the second P-sheet. 

Part of the core of the cGATA-1 DNA-bind- 
ing domain is structurally similar to that of the N- 
terminal, zinc-containing module of the DNA- 
binding domain of the glucocorticoid receptor 
(Luisi et al., 1991). Thus, the Ca atoms of 30 
residues of these two proteins can be superim- 
posed with an rms difference of only 1.4 8,. This 
was an unexpected finding given that apart from 
the four Cys residues that coordinate the zinc 

atom, only one residue (Lys36 in the cGATA-1 
DNA-binding domain and Lys465 in the gluco- 
corticoid receptor) is conserved between the two 
proteins. 

The overall topology and structural organiza- 
tion of the complex is shown in Plates 5A and B. 
The conformation of the oligonucleotide is B- 
type. The helix and the loop connecting strands 
p2 and P3 (which is located directly beneath the 
helix) are located in the major groove, while the 
C-terminal tail wraps around the DNA and lies in 
the minor groove, directly opposite the helix. The 
overall appearance is analogous to that of a right 
hand holding a rope, with the rope representing 
the DNA, the palm and fingers of the hand the 
core of the protein, and the thumb the C-terminal 
tail. It is this pincer-like configuration of the pro- 
tein that causes a small 10" kink in the DNA. The 
long axis of the helix lies at an angle of -40" to 
the base planes of the DNA (Plate 5A), while the 
C-terminal tail is approximately parallel to the 
base planes (Plate 5B). 

Views of side-chain contacts with the DNA 
in the major and minor grooves are shown in 
Plates 5C and D, respectively. The cGATA-1 
DNA-binding domain makes specific contacts with 
eight bases, seven in the major groove (A6, G7, 
A8, T25, A24, T23, and T22) and one in the 
minor groove (T9). All the base contacts in the 
major groove involve the helix and the loop con- 
necting P-strands 2 and 3. In contrast to other 
DNA-binding proteins, the majority of base con- 
tacts involve hydrophobic interactions. Thus, 
Leu17 interacts with A6, G7, and T25, Thrl6 
with A24 and T25, Leu33 with A24 and T23, and 
Leu37 with T23 and T22. This accounts for the 
predominance of thymidines in the DNA target 
site. Indeed, there are only three hydrogen-bond- 
ing interactions: between the side chain of Am29 
and the N6 atoms of A24 and A8 in the major 
groove, and between the NCH3+ of Lys57 and the 
0 2  atom of T9 in the minor groove. In this regard, 
it is interesting to note that there is a reduction of 
1 127 in the surface-accessible area of the 
cGATA-1 DNA-binding domain in the presence 
of DNA (corresponding to a 20% decrease in the 
accessible surface), and a decrease in the calcu- 
lated solvation free energy of folding (Eisenberg 
and McLaghlan, 1986) of 13 kcal/mol. This latter 
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38 

FIGURE 6. Schematic ribbon drawing of the core of the cGATA-1 DNA-binding domain. (From 
Omichinski, J. G., Clore, G. M., Schaad, O., Felsenfeld, G., Trainor, C., Appella, E., Stahl, S. J., and 
Gronenborn, A. M., Science, 261, 438, 1993a. With permission.) 

effect can clearly make a sizeable contribution to 
the specific binding constant (GS - 1.2 x lo8 MP). 

The remaining contacts involve the sugar- 
phosphate backbone, the majority of which are 
located on the second strand (G20 to T27). Salt 
bridges and/or hydrogen bonds with the phos- 
phates of G7, A24, and T22 are made by Arg19, 
Arg47, and His38, respectively, in the major 
groove, and with the phosphates of C13, T25, 
C26, and T27 by Arg54, Thr53, Arg56, and Ser59, 
respectively, in the minor groove. The interac- 
tions of Arg54 and Arg56 above and below the 
polypeptide chain span the full length of the target 
site and are probably responsible for bending the 

DNA in the direction of the minor groove. Like- 
wise, all the sugar contacts involve the second 
strand. In the major groove, they are hydrophobic 
in nature, and involve contacts between the sug- 
ars of T22, T23, and A24 with Tyr34, Leu33 and 
Ala30, and Ile51 and Thrl6, respectively. In the 
minor groove, hydrophobic sugar DNA-protein 
interactions are made by C13 with the aliphatic 
portion of the side chain of Arg54, T23 and T24 
with Gln52, T25 and C26 with the aliphatic por- 
tion of the side chain of Arg56, and C26 with 
Ser59. In addition, there is a hydrogen bond be- 
tween the side-chain amide of Gln52 and the 
sugar 03' atom of T23. 
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The mode of specific DNA-binding protein 
that is revealed in this structure is distinct from 
that observed for the other three classes of zinc 
containing DNA-binding domains whose struc- 
tures have been solved previously (Pavletich and 
Pabo, 1991, 1993; Luisi et al., 1991; Mamorstein 
et al., 1992; Schwabe et al., 1993; Fairall et al., 
1993). Features specific to the complex with the 
DNA-binding domain of cGATA-I include the 
relatively small size of the DNA target site (eight 
base pairs, of which only a contiguous stretch of 
six is involved in specific contacts), the mono- 
meric nature of the complex in which only a 
single zinc-binding module is required for spe- 
cific binding, the predominance of hydrophobic 
interactions involved in specific base contacts in 
the major groove, the presence of a basic C-termi- 
nal tail that interacts with the DNA in the minor 
groove and constitutes a key component of speci- 
ficity, and, finally, the pincer-like nature of the 
complex in which the core and tail subdomains 
are opposed and surround the DNA like a hand 
gripping a rope. The structure of the cGATA-I 
DNA-binding domain reveals a modular design. 
The fold of residues 3 to 39 is similar to that of the 
N-terminal zinc-binding module of the DNA-bind- 
ing domain of the glucocorticoid receptor, al- 
though, with the exception of the four Cys resi- 
dues that coordinate zinc, there is no significant 
sequence identity between these regions of the 
two proteins. Residues 40 to 66 are part of a 
separate structural motif. In this regard it is inter- 
esting to note that, in addition to both zinc-bind- 
ing modules being encoded on separate exons in 
the cGATA-1 gene (exons 4 and 3, the next 
introdexon boundary lies between amino acids 
39 and 40 (current numbering scheme) of the 
DNA-binding domain, thereby separating the 
C-terminal zinc-binding domain from the basic 
tail (Hannon et al., 1991). 

B. Structure of the Human SRY-DNA 
Complex 

Male sex determination in mammals is di- 
rected by the genetic information encoded on the 
Y chromosome, leading to specialization of the 
embryonic gonads into testes. A key component 
is the protein encoded by the human testis-deter- 

mining gene, SRY (sex-determining region Y), 
mutations in which are responsible for 15% of 
male-to-female sex reversal, that is, 46X,Y fe- 
males (Goodfellow and Lovell-Badge, 1993; 
Gustafson and Donahoe, 1994; Haqq et al., 1994). 
The SRY protein is a transcriptional activator of 
the Mullerian inhibiting substance (MIS) gene, 
whose product is responsible for the regression of 
the female Mullerian ducts (the precursor of the 
uterus, fallopian tubes, and upper vagina) in male 
embryos. 

The human SRY (hSRY) gene codes for a 
protein of 203 residues that comprises three do- 
mains: an N-terminal domain, a central 77-resi- 
due DNA-binding domain consisting of a single 
HMG (high-mobility group) box, and a C-termi- 
nal domain (Sinclair et al., 1990). The HMG box 
is an approximately 80-residue domain that medi- 
ates the minor groove DNA binding of a large 
family of eukaryotic proteins known as the HMG- 
112 family (Laudet et al., 1993). In order to estab- 
lish the atomic and molecular basis of SRY-de- 
pendent 46X,Y sex reversal, we have determined 
the solution structure of a specific complex of the 
DNA-binding domain of hSRY (hereafter referred 
to as hSRY-HMG) with a DNA octamer compris- 
ing its specific target site in the MIS promoter 
(Werner et al., 1995a). 

The structure calculations, using simulated 
annealing, were based on a total of 1805 experi- 
mental NMR restraints, including 75 intermo- 
lecular contacts, some of which are illustrated in 
the spectra shown in Figure 7. A best-fit superpo- 
sition of the final 35 simulated annealing struc- 
tures is shown in Plate 6. Residues 1 to 3 and 75 
to 78 at the N- and C-termini, respectively, are 
disordered in solution. Excluding these residues, 
the precision of the coordinates is 0.59 f 0.05 8, 
for the protein backbone (N, Ca ,  C, and 0 atoms) 
plus the DNA, and 0.96 & 0.06 8, for all protein 
atoms plus DNA. 

The overall topology of hSRY-HMG is best 
described as a twisted letter L or boomerang with 
the long and short arms approximately 28 and 
22 8, in length, respectively (Plate 7A). The struc- 
ture is composed of irregular N (residues 3 to 9)- 
and C (residues 7 I to 74)-terminal strands that lie 
directly opposite each other, although they are not 
hydrogen bonded, and three helices (residues 10 
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FIGURE 7. Experimental observation of contacts between hSRY-HMG and DNA. (A) Portion of the 150-ms 2D 1-1 
NOE spectrum illustrating NOEs between imino protons of the DNA and protein protons (the unlabeled peaks arise 
from NOEs within the DNA). (B) A composite of 13C-lH strips taken from the 155-ms 3D 13C(F,)-separated/i2C(F3)- 
filtered NOE spectrum, illustrating NOES between protons of the protein (attached to 13C) and protons of the DNA 
(attached to 12C). (From Werner, M. H., Bianchi, M. E., Gronenborn, A. M., and Clore, G. M., 6iochemistry, 34, 
1 1998, 1995. With permission,) 

to 26,33 to 45, and 47 to 68). Helices 1 and 2 are 
connected by a six-residue loop, helices 2 and 3 
by a very short turn. Finally, helix 3 leads into the 
C-terminal strand via a turn centered around Pro70 
and Asn71. Helix 1 has a slightly bent appear- 
ance, due to a distortion in the backbone at Asp 
18. Helix 3 exhibits an approximately 50” kink at 
the junction of and Phe54. The long arm of 
the L is formed by helix 3 and the N-terminal 
strand (residues 3 to 9), while the short arm of the 

L is formed by helices 1 and 2. Helix 1 is oriented 
at -120” to helix 2 and -130 to 140” to helix 3. 
Helices 2 and 3 are approximately orthogonal to 
each other. The orientation of the long and short 
arms is maintained by the packing of several side 
chains located on both helix 1 and helix 3.  The top 
of the long arm is held in place by a hydrophobic 
cluster between the N and C termini. 

The overall structure of hSRY-HMG is simi- 
lar to that of the previously determined NMR 
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structures of two nonspecific DNA-binding do- 
mains of the HMG-1/2 family, the rat HMG-1 B 
box and the drosophila HMG-D box (Weir et al., 
1993; Read et al., 1993; Jones et al., 1994), both 
of which have 20 to 25% sequence identity with 
hSRY-HMG. The regions corresponding to the 
N- and C-terminal strands of hSRY-HMG, how- 
ever, are disordered in both HMG- l B and HMG- 
D. This is probably due to the replacement of 
Val5 in hSRY-HMG by Pro in HMG-1 B and 
HMG-D, resulting in substantial structural insta- 
bility at the N and C termini. 

After binding to hSRY-HMG, the DNA un- 
dergoes a profound structural change from B-type 
DNA in the free state to an underwound form that 
is distinct from either B- or A-type DNA (Plates 
7 and 8). The sugar pucker appears primarily 
A-like, although the general appearance of the 
DNA is intermediate between the B and A type. 
The DNA helix is severely underwound, with an 
average local interbase-pair helical twist of 26 k 
6", ranging from a low value of -19" between 
base pairs 1 and 2 and base pairs 7 and 8, to a high 
value of -34" between base pairs 4 and 5. As a 
result, the minor groove is shallow and signifi- 
cantly expanded, with a width of 9.4 i- 0.6 8, 
(Plate 8A) compared with 4.0 A in B-DNA and 
6.2 8, in A-DNA (Saenger, 1984). Concomitantly, 
the major groove is substantially compressed 
(Plate 8B). The sugar puckers range from 01'- 
endo to C3'-endo for 14 of 16 deoxyribose rings 
typical of A-DNA, with the exception of A5 and 
G9, which have C 1'-exo to C2'-endo conforma- 
tions, typical of B-DNA. The local interbase-pair 
rise has an average value of 4.1 k 0.3 A, which is 
larger than that for either B-DNA (3.6 A) or A- 
DNA (3.4 &. The local interbase-pair slide has 
an average of -0.21 f 0.35 A, which is compa- 
rable to that of B-DNA (-0.76 A) but much smaller 
than that for A-DNA (-2.06 A). Finally, the se- 
quential phosphate-phosphate distances have an 
average value of 6.3 f 0.4 A, which is closer to 
that of B-DNA (6.5 A) than A-DNA (5.6 A). This 
distance, however, is significantly reduced to a 
value of 5.4 8, between base pairs 5 and 6, which 
is the site of partial intercalation by Ile13. 

The DNA in the complex is bent by -70 to 
80" in the direction of the major groove (Plate 8). 
This is principally accomplished through large, 
positive local interbase-pair roll angles for six of 

the seven base steps (ranging in value from 10.5" 
between base pairs 7 and 8, up to 35" between 
base pairs 2 and 3), in conjunction with the helical 
unwinding described above. This contrasts with 
values of 10.8 and -3.6" for the local interbase- 
pair roll angles in classic A- and B-DNA, respec- 
tively (Saenger, 1984). 

Comparison with the structure of the DNA in 
the complex with TATA-binding protein (TBP; 
Kim et al., 1993a, b), which also binds in the 
minor groove, reveals numerous features in com- 
mon. These include the A-like sugar puckers ex- 
cept at the sites of intercalation where they are B- 
like, the large positive roll angles, the helix 
unwinding and concomitant widening of the mi- 
nor groove, the increase in local helix rise relative 
to A- and B-DNA, and the B-like local slide. 
There are some interesting differences, however. 
For example, the helix is -20% more underwound 
and the roll angles are on average -70% larger in 
the TBP complex than in the hSRY-HMG com- 
plex, while the minor groove is - 10% wider in the 
hSRY-HMG complex than in the TBP complex. 

The general topology and structural organiza- 
tion of the complex is depicted in Plates 7 and 8. 
The DNA is located in the concave surface of the 
L-shaped hSRY-HMG domain, and binding oc- 
curs exclusively in the minor groove of the DNA. 
In the view shown in Plates 7C and D, it can be 
seen that the binding surface is formed by helix 1 
bounded at the bottom by a ridge comprising 
helix 2 and at the top by a ridge comprising the N- 
and C-terminal strands. In contrast, the recogni- 
tion of the minor groove by TBP is provided by 
the concave surface of a ten-stranded antiparallel 
P-sheet (Kim et al., 1993a, b). Thus, the structural 
scaffold of the DNA-binding surface is entirely 
different in hSRY-HMG and TBP. The confor- 
mation of the DNA, which is severely distorted 
from that of classic B-DNA, follows the contours 
of the concave binding surface perfectly (Plate 7). 
The orientation of the DNA with respect to the 
protein can be determined unambiguously on the 
basis of a qualitative interpretation of a few inter- 
molecular NOEs: in particular, the NOEs from 
Ser33, Ile35, and Ser36 to the sugars of C8, G9, 
and T10; the NOEs from the side chain of Ile13 
to the imino protons of TI 1 and T12, the H2 
protons of A5 and A6, and the sugar protons of 
A5 and A6; and the NOEs from the aromatic ring 
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of Tyr74 to the H2 proton of A3 and the sugar of 
C4 (Figure 7). 

The two principal areas of bending occur 
between base pairs 5 and 6 as a result of the 
partial intercalation of Ile13, and between base 
pairs 2 and 3, as the DNA is pushed away from 
the body of the protein by the ridge formed by 
Lys73 and Tyr74 (Plates 7C and D). Widening of 
the minor groove appears to be mediated by five 
residues that form a T-shaped wedge in direct 
contact with the central base pairs of the DNA 
octamer (Plate 8C). Specifically, Met9, Phel2, 
Ilel3, and Trp43 form a hydrophobic wedge across 
base pairs 5 and 6, anchored to base pairs 4 and 
5 by electrostatic interactions involving Asn 10. 
The residues constituting the central portion of 
the wedge (Phel2 and Ile13) and the stem of the 
T (AsnlO) bind to the DNA bases, while the 
residues at the wings of the wedge (Met9 and 
Trp43) bind to the DNA sugar-phosphate back- 
bone and pry open the minor groove (Plate 7C). 
This T-shaped wedge on the surface of hSRY- 
HMG can be considered to directly induce and 
stabilize the helix unwinding of the DNA. In 
addition, hSRY-HMG is anchored at the two ends 
of the DNA by Tyr74 at base pair 3, and Ser33, 
Ile35, and Ser36 at base pairs 7 and 8 (Plate 8C). 

A comparison of the sequences from a variety 
of specific and nonspecific HMG domains (Laudet 
et al., 1993) indicates that, in general, residues 
that interact with the sugar-phosphate backbone 
tend to be either conserved or substituted conser- 
vatively (Figure 8). The distinction between the 
two subclasses is found in residues that contact 
the bases and in certain core-packing amino acids. 

In the case of the specific DNA-binding do- 
mains, the packing of Val5, Tyr69, and Tyr72 at 
the N and C termini appears to be critical for the 
correct presentation of the DNA-binding surface 
made up of the side chains of Arg4, Lys73, and 
Tyr74 (Plate 9C). The sequence-specific HMG 
domains have either Val or Ile at position 5. Sub- 
stitution by the longer Leu side chain in hSRY 
leads to a substantial reduction in specific DNA 
binding affinity (Harley et al., 1992). In the non- 
specific HMG domains, the shorter Pro side chain 
is found predominantly at position 5. Thus, both 
a shorter and a longer side chain at this position 
either destabilizes the hydrophobic packing in 

this region of the molecule or distorts the surface 
topology of the binding surface at the N and C 
termini sufficiently to perturb specific DNA bind- 
ing. The importance of the N and C termini is 
further supported by the results on a chimeric 
HMG domain composed of the N and C termini 
of TCF-1 (a specific HMG domain) and helices 
1,2, and a portion of helix 3 of HMG1-B (a non- 
specific HMG domain) that retained the ability to 
both bend and bind DNA specifically (Read et al., 
1994). Similar arguments can be made for the 
stabilization of the twisted L-shape by the hydro- 
phobic core between the stem and base of the 
HMG domain. A key residue in this regard is 
Phe55 in hSRY-HMG, which is either retained or 
substituted conservatively by a Tyr or Val in the 
specific HMG domains. In the nonspecific do- 
mains, on the other hand, Phe55 is most often 
substituted by a Glu, perhaps destabilizing the 
hydrophobic core and thereby leading to less ef- 
ficient unwinding of the DNA target. Indeed, the 
twist between the stem and base of the L rein- 
forces the helical unwinding induced by the par- 
tial intercalation of Ile13 by presenting the proper 
complementary surface to the DNA. Hence, de- 
stabilization of the hydrophobic core could, in 
part, disrupt the surface complementarity, leading 
to a more weakly bound protein and a concomi- 
tant loss of DNA sequence discrimination. 

In addition, the nonspecific HMG domains 
lack a number of critical residues that make base- 
specific contacts in the structure of the hSRY- 
HMG complex. AsnlO is conserved in all the 
specific HMG domains and is involved in hydro- 
gen bonding or electrostatic interactions with the 
bases of C4, A5, and G13 (Plate 9B). In the 
nonspecific HMG domains, AsnlO is substituted 
by Ser, Thr, or Arg. The side chains of Ser and 
Thr would be too short to make appropriate con- 
tact, while the longer Arg side chain is likely to 
introduce steric clash. A similar argument can be 
made for Ser36, which hydrogen bonds with the 
base of T10. In the specific HMG domains, posi- 
tion 36 is occupied by Ser or Asn. In the nonspe- 
cific HMG domains, position 36 tends to be occu- 
pied by Ala, Val, or Lys. The impact of this 
change, however, is likely to be weaker than that 
for AsnlO, as a few nonspecific domains retain 
Ser or Thr at this position. 
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The structure of the complex of hSRY-HMG 
with DNA also provides an explanation for the 
different sequence specificities of the SOX sub- 
family (which includes hSRY, mSRY, and the 
SOX cluster of HMG domains) vs. the LEFmCF- 
1 subfamily. From a functional viewpoint, the 
former comprise proteins that are involved in sex 
differentiation, whereas the latter consists of tran- 
scription factors found specifically in lympho- 
cytes. The DNA target sites for the SOX subfam- 
ily have a strong preference for A at the position 
of base 3, while those for the LEFnCF-1 family 
display a strong preference for T at bases 2 and 3 
(Giese et al., 1992). The main amino acid se- 
quence difference between the two subfamilies is 
located at positions 73 and 74, which are Lys-Tyr 
in the SOX subfamily and Ser-Ala in the LEF/ 
TCF-1 subfamily (Figure 8). In the hSRY-HMG 
complex, Lys73 forms a phosphate contact to 
C16, while Tyr74 is packed orthogonally to the 
bases of A3 and T14 and may form a hydrogen 
bond with the 0 2  atom of T14 (Plate 9C). The 
latter is precluded when T14 is replaced by A in 
the LEFRCF- 1 target site. Conversely, substitu- 
tion of Tyr74 by Ala in the LEFRCF- 1 subfamily 
removes a bulky hydrophobic group capable of 
extensive interactions with the bases. The substi- 
tution of Lys73 by a Ser in LEFmCF-1, however, 
permits an alternative hydrogen bond between the 
hydroxyl group of Ser73 and the 0 2  atom of T2 
(or C2 in the MIS promoter sequence). This inter- 
pretation is reinforced by the observation that 
LEF-1 and TCF-1 can bind with significant affin- 
ity to SRY sequences, while the reverse is not true 
(Giese et al., 1992). 

The amino acid sequences of SRY derived 
from different organisms diverge considerably 
outside the HMG domain (Goodfellow and Lovell- 
Badge, 1993). Further, all clinical mutations in 
hSRY resulting in phenotypic 46X.Y sex rever- 
sal, with the exception of only a single nonsense 
mutation, have been found to occur exclusively in 
the DNA-binding domain. These observations 
have led to the hypothesis that the primary influ- 
ence of SRY on transcriptional regulation, and 
hence on gonadal differentiation, is largely a con- 
sequence of the structural effects induced by the 
protein at specific promoter targets in viva In- 
deed, SRY is best considered as an architectural 
control protein in transcriptional regulation (Tijnn 

and Maniatis, 1994). An SRY-induced DNA bend 
could bring two proteins (such as a transcriptional 
enhancer and RNA polymerase) located at either 
side of the SRY-binding site into close contact, 
thereby permitting the assembly of a highly spe- 
cific nucleoprotein transcription complex leading 
to the activation of transcription. In other cases, 
SRY could separate two proteins of the transcrip- 
tion complex by insertion of an unwanted bend, 
thereby acting as a repressor. The structure of the 
complex of hSRY-HMG with its target site in the 
MIS promoter therefore provides a framework for 
explaining the effects of clinical mutations at the 
atomic and molecular levels. 

From a genetic standpoint, naturally occur- 
ring point mutations in hSRY can be classified 
into two types: inherited mutations with variable 
penetrance, and de novo mutations with full pen- 
etrance that are not shared between fathers and 
their 46X,Y daughters (Goodfellow and Lovell- 
Badge, 1993). Clearly, the functional effects of 
the former must be considerably less severe than 
those of the latter. From a structural viewpoint, 
the point mutations also fall into two categories: 
those that affect the packing of residues within 
the protein core and those that involve residues 
that directly contact the DNA. 

Three inherited point mutations have been 
identified to date: Val5 + Leu, Phe54 + Ser, and 
Ile35 + Met. The first two mutations are best 
described as packing-defect mutants, while the 
third affects both side-chain packing within the 
protein and a protein-DNA contact (Plate 9A). 
The main effect of these mutations may be to 
accelerate the degradation of SRY within the cell, 
thereby providing a simple explanation for their 
variable penetrance. 

There are five other packing-defect point 
mutants, four of which are de novo (Met23 + 
Thr, Leu46 + His, Ala58 + Thr, and Tyr72 + 
Cys), and the fourth (Lys5 1 + Ile) is of unknown 
origin because relatives are unavailable. 

The remaining four de novo point mutations 
identified to date all involve residues that contact 
the DNA. The Arg7 + Gly mutant removes hy- 
drophobic contacts with the sugar of C4 and a salt 
bridge to the phosphate of A5 (Plate 9B). Met9 
makes extensive van der Wads contacts with the 
deoxyribose of A5 and A6 and with the 03’ atom 
of A6. which is located approximately at the hinge 
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point of the bend between base pairs 5 and 6 
(Plate 9B). The introduction of a shorter Ile side 
chain at this position would disrupt these con- 
tacts. The Gly40 + Arg mutation is likely to 
introduce steric clash at two sites, thereby desta- 
bilizing the complex: first with the sugar-phos- 
phate backbone of T12, and second with Trp43, 
thereby displacing a critical residue of the wedge 
that drives the helical unwinding of the DNA 
(Plate 8C). The conservation of Gly at position 40 
in the sequence-specific HMG domains (Plate 8) 
supports the notion that the local packing in this 
region of the interface is critical for the formation 
of a stable complex. Finally, the Ile13 + Thr 
mutation would be expected to have one of the 
most profound effects on DNA binding of all the 
mutants, as the short, polar Thr would not be able 
to partially intercalate between base pairs 5 and 6 
(Plate 9B), thereby removing one of the principal 
determinants of bending and helical unwinding in 
the complex. Indeed, the affinity of this mutant 
for DNA is reduced by almost two orders of 
magnitude relative to that of the wild type, and 
the mutant complex has a lifetime of less than 5 
ms compared with greater than 200 ms for the 
wild-type complex (Haqq et al., 1994). 

VI. STRUCTURE DETERMINATION OF 
OLlGOMERlC PROTEINS 

Oligomeric proteins comprising identical sub- 
units represent a special case of protein-protein 
complexes. In the case of homodimeric proteins, 
it is usually possible to sort out the intermolecular 
contacts in a relatively straightforward manner 
without recourse to experiments involving 
heterodimers, formed by a 1:l mixture of uni- 
formly 13C/15N-labeled and unlabeled (natural iso- 
topic abundance) subunits, provided the orienta- 
tion at the dimer interface is antiparallel. Under 
these circumstances, there will inevitably be nu- 
merous NOEs that correspond to distances greater 
than, say, 8 8, in the monomer, which therefore 
must arise from intersubunit contacts. By making 
use of an iterative refinement procedure, i t  is then 
possible to ascertain most of the intersubunit con- 
tacts. Of course, there will be some NOEs that can 
have contributions from both intra- and inter- 
subunit interactions, and these can be dealt with 

by making use of interproton distance restraints 
represented as (Cr-6)-1'6 sums to represent these 
NOEs (Nilges, 1993). This approach was first 
demonstrated successfully in the case of 
interleukin-8 (Clore et al., 1989, 1990). If the 
orientation of the two subunits at the interface, 
however, is parallel, or if the topology of the 
dimer is highly complex with intertwining of the 
polypeptide chains, it is absolutely essential to 
make use of mixed labeled and unlabeled sub- 
units in order to unambiguously discriminate be- 
tween intra- and intersubunit interactions 
(Burgering et al., 1993; Folkers et al., 1993). The 
same applies to higher-order multimers such as 
trimers and tetramers. In these cases, however, 
the problem is much more complex, as it is nec- 
essary not only to separate intra- from intersubunit 
interactions but also to distinguish between the 
various intersubunit pairwise combinations. Thus, 
for a tetramer, for example, it is essential to iden- 
tify interactions within a dimer and between 
dimers. The latter cannot be done a priori and 
requires an iterative approach combined, where 
appropriate, with the use of (Er-6)-1'6 sums to 
represent the ambiguous NOE restraints (Clore 
et al., 1994). 

A. Structure of the Oligomerization 
Domain of the Tumor Suppressor p53 

The tumor suppressor p53 has been found to 
be involved in approximately 50% of all human 
cancers (Hams, 1993). It is composed of an 
N-terminal transactivation domain, a central core 
DNA-binding domain, an oligomerization domain, 
and a C-terminal basic regulatory domain. The 
structure of the core domain complexed to DNA 
has been solved crystallographically (Cho et al., 
1994). Similarly, the structure of the oligomeriza- 
tion domain has been solved by both NMR (Clore 
et al., 1994, 1995a, b; Lee et al., 1994) and X-ray 
crystallography (Jeffrey et al., 1995). All the struc- 
tures of the oligomerization domain have the same 
overall topology comprising a dimer of dimers, 
oriented in an approximately orthogonal manner. 
Each dimer (comprising subunits A and C, and 
subunits B and D, using the original notation 
employed by Clore et al., 1994) consists of two 
antiparallel a-helices and an antiparallel P-sheet. 
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In the tetramer, the antiparallel P-sheets lie on 
opposing faces of the molecule, and the helices 
form an unusual four-helix bundle. 

Because of the complexity of the system and 
the necessity to distinguish intra- from intersubunit 
NOEs, the structure determination was carried 
out on samples of uniformly labeled (1sN/*3C) 
protein and on samples of mixed heterotetramers 
comprising equal amounts of unlabeled and isoto- 
pically labeled protein, and involved the applica- 
tion of double- and triple-resonance NMR spec- 
troscopy (Figure 9). The tetramer is completely 
symmetric, as evidenced by the observation of 
only a single set of resonances for each residue. 
Structural information in the form of interproton 
distance restraints was derived from isotope-ed- 
ited and -filtered 3D and 4D NOE spectra (Clore 
et al., 1994, 1995a, b). 

The most highly refined structures are based 
on 4472 experimental NMR restraints that com- 
prise approximate interproton distance, hydrogen 
bonding, torsion angle, 3JHNa coupling constant, 
and secondary I3Ca and 13CP chemical shift re- 
straints (Clore et al., 1995b). In addition, there are 
distance restraints involving four symmetrically 
related bound water molecules (i.e., one water 
molecule per subunit). 

A best-fit superposition of the backbone at- 
oms and ordered side chains is shown in Plate 
10. The first few residues at the N terminus 
(residues 319 to 323) and the last C-terminal 
ones (residues 357 to 360) are disordered in 
solution, as evidenced by the observation of only 
intraresidue and sequential NOEs for these resi- 
dues and by low-order parameters derived from 
I5N relaxation measurements (Clubb et al., 1995). 
The remainder of the tetrarner (comprising resi- 
dues 324 to 356 of each subunit) is very well 
defined, with a precision of 0.38 f 0.09 8, for the 
backbone atoms, 0.84 f 0.06 8, for all atoms, 
and 0.41 f 0.08 8, for all atoms that do not 
exhibit conformational disorder. The backbone 
atomic rms difference for residues 326 to 356 
between the most refined NMR structure and the 
X-ray structure is 0.59 8, for the tetramer, 0.50 8, 
for the AC dimer, and 0.38 8, for the monomer. 

Ribbon diagrams illustrating five different 
views of the solution structure of the p53 oligo- 
merization domain are shown in Plate 11.  The 

structure is a dimer of dimers. Each monomer is 
composed of a turn (Asp324-Gly325), a P-strand 
(residues Glu326-Arg333), a turn (Gly334), and 
an a-helix (Arg335-Gly356). 

The contacts within the primary AC dimer 
(composed of an antiparallel P-sheet and two 
antiparallel a-helices oriented at an angle of -155") 
are extensive: 1397 A* of accessible surface area 
per monomer (involving 22 residues per mono- 
mer) are buried after dimerization of subunits A 
and C. This interaction yields a solvation free 
energy of dimerization (Eisenberg and McLaghlan, 
1986) of -14.7 kcaVmol per monomer. The extent 
of the contacts between subunits A and C is illus- 
trated by the stereoview shown in Plate 12A. The 
P-sheet is stabilized by eight backbone hydrogen 
bonds. A hydrophobic core is formed by the pack- 
ing of the P-sheet with the overlying a-helices 
and involves Phe328, Leu330, Ile332, Phe338, 
Phe341, and Arg342. Hydrophobic helix-helix 
contacts extend the hydrophobic core and com- 
prise the interactions of Met340(A) with 
Leu348(C), Phe341(A) with Leu344(C) and 
Leu348(C), Leu344(A) with Phe341(C) and 
Leu344(C), and Leu348(A) with Arg337(C) and 
Phe341(C). In addition, there are a number of 
side-chain hydrogen-bonding interactions between 
subunits A and C. In particular, there is a salt 
bridge between the carboxylate of Asp352(A) and 
guanidinium group of Arg337(C), and a water- 
bridged hydrogen-bonding cluster involving the 
backbone amide of Arg333(A), the side-chain 
carboxyamide of Asn345(C), and the carboxylate 
of Glu349(C). This water molecule was identified 
by NOE/ROEs from water to the backbone amide 
of Arg333, the side-chain amide of Asn345, and 
the CymH, methyl group of 11e332. Independent 
evidence for these electrostatic interactions is af- 
forded by pH titration studies. In particular, the 
chemical shifts of the side-chain Cy atom of 
Asp352 and the NEH of Arg337 show complex 
titration behavior, with one pK, c3, and the chemi- 
cal shifts of the backbone amide group of Arg333, 
the side-chain amino group of Asn345, and the 
C6 atom of Glu349 titrate with a pK, -3.6. The 
pK, of the carboxylate of Asp352 is substantially 
lower than that for a free Asp (pK, -3.7 to 3.9), 
indicating a strong salt bridge interaction with its 
positively charged partner Arg337. 
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While the accessible surface area buried per 
monomer (572 A2) after tetramerization is about 
2.5 times less than that buried after dimerization 
( 1397 A2), the total accessible surface area buried 
after tetramerization (2290 k) (i.e., after the as- 
sociation of the two primary dimers) is only 
slightly less than that buried after dimer forma- 
tion (2793 A2). A total of ten residues, per mono- 
mer, are buried after tetramerization, six due to 
AB contacts alone, two due to AD contacts alone, 
and two due to both AB and AD contacts. The 
solvation free energy of tetramerization per mono- 
mer is -5.3 kcal/mol, which can be partitioned 
into -3.35 kcalfmol arising from the interaction of 
subunits A and B, and -1.95 kcalfmol arising 
from the interaction of subunits A and D. Thus, 
the total solvation free energy of tetramerization 
is -21.2 kcaYmol compared with a value of -29.3 
kcaYmol for the total solvation free energy of 
dimerization. The total solvation free energy of 
folding for the tetramer is --140 kcal/mol, which 
is what one would expect for a protein of this size 
(Chiche et al., 1990). 

Views of the AB and AD interfaces are shown 
in Plates 12B and C, respectively. The A and B 
helices are oriented in an approximately orthogo- 
nal manner at an angle of -81'. Hydrophobic 
contacts occur between Leu344(A), Leu344(B), 
and Leu348(B), between Ala347(A), Ala347(B), 
Leu348(B), and the hydrophobic portion of 
Lys351(B), and between Leu350(A), Leu350(B), 
and the hydrophobic portion of Lys35 1(B) (Plate 
12B). There is one intersubunit hydrogen bond 
between the N<H,+ of Lys351(A) and the back- 
bone carbonyl of Glu343(B) that can be identified 
unambiguously from the structures (Plate 12B). 
Helices A and D are also oriented approximately 
orthogonally but with an interhelical angle of 
-104". The hydrophobic contacts between sub- 
units A and D are entirely hydrophobic and in- 
volve Met340, Phe341, Leu344, and the hydro- 
phobic portion of the side chain of Glu343 (Plate 
12C). 

The structure of the oligomerization domain 
of p53 provides a framework with which to inter- 
pret the effects of mutations within this domain 
that are associated with human cancers (Cariello 
et al., 1994). There are four point mutations, 
Leu330 + His, Gly334 + Val, Arg337 + Cys, 
and Glu349 -+ Asp, whose effects can be clearly 

explained in terms of the structure and destabili- 
zation of the primary dimer. The consequences of 
the other four point mutations, Asp324 + Glu, 
Gly325 + Val, Gln354 + Arg, and Gly356 + 
Trp, are not immediately apparent from the struc- 
ture, and indeed they may simply represent inci- 
dental findings. 

The Leu330 + His mutation substitutes a 
completely buried hydrophobic residue by a polar 
residue in the center of the hydrophobic core of 
the primary dimer (Plate 12A). The effects of the 
Gly334 + Val mutation can be understood in 
terms of the unusual conformation of Gly334, 
which has Q,v angles of 86', 140'. A Val residue 
cannot accommodate a positive Q angle in the 
absence of severe steric clash, and any change in 
the Q angle at this position, together with any 
compensatory changes in the backbone torsion 
angles of the adjacent residue, will distort the 
angle between the strand and the helix and the 
consequent packing of the helices in the AC dimer. 
The Arg337 + Cys mutation removes a salt bridge 
between the guanidinium group of Arg337(A) 
and the carboxylate of Asp352(C) (Plate IOA). 
Finally, the Glu349 + Asp mutation would prob- 
ably remove a water-bridged hydrogen-bonding 
interaction between the carboxylate of Glu349(A) 
and the backbone amide of Arg333(C) (Plate lOA), 
as the Asp side chain is likely to be too short to 
permit this hydrogen bond to occur. 

VIII. PERSPECTIVES AND CONCLUDING 
REMARKS 

The recent development of a whole range of 
highly sensitive multidimensional heteronuclear- 
edited and -filtered NMR experiments has revolu- 
tionized the field of protein structure determina- 
tion by NMR. Proteins and protein complexes in 
the 20- to 30-kDa range are now amenable to 
detailed structural analysis in solution, and cur- 
rent methods can probably be extended to sys- 
tems even up to 40 kDa provided they are well 
behaved from an NMR standpoint. The examples 
from our laboratory discussed in the previous 
sections provide a perspective on the power and 
breadth of current NMR methodology and its 
ability to shed light on complex structural prob- 
lems in biological systems. Examples from other 
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laboratories are equally instructive and are given 
in the reference section. 

Despite these advances, i t  should always be 
borne in mind that a number of key requirements 
must be satisfied to permit a successful structure 
determination of larger proteins and protein com- 
plexes by NMR: (1) the protein in hand must be 
soluble and should not aggregate up to concentra- 
tions of about 0.5 to 1 mM, (2) it must be stable 
at room temperature or slightly higher for consid- 
erable periods of time (particularly as it may take 
several months of measurement time to acquire 
all the necessary NMR data), (3) it should not 
exhibit significant conformational heterogeneity 
that could result in extensive line broadening, 
and, finally, (4) it must be amenable to uniform 
I5N and 13C labeling. At the present time, there are 
still only relatively few examples in the literature 
of proteins in the 15- to 25-kDa range that have 
been solved by NMR. Likewise, only a handful of 
protein complexes (with DNA or peptides) and 
oligomers have been determined to date using 
these methods. One can anticipate, however, that 
over the next few years, by the widespread use of 
multidimensional heteronuclear NMR experiments 
coupled with semiautomated assignment proce- 
dures, many more NMR structures of proteins 
and protein complexes will become available. 
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20 

PLATE 1. Schematic diagram illustrating the effects of 
increasing the dimensionality on the spectral resolution of 
an NOE spectrum. In the 2D spectrum, the proton chemi- 
cal shift of the destination resonances (along the F, axis) 
for all 11 cross-peaks is the same so that one cannot 
assess the number of destination protons involved. In the 
3D spectrum, the cross-peaks appear in three planes, 
edited according to the shift of the heavy atom (15N or 
13C) attached to the destination protons. The identity of 
the orginating protons, however, is only defined by their 
proton chemical shifts. Finally, in the 4D spectrum each 
cross-peak is characterized by four chemical shift coordi- 
nates, the proton chemical shifts of the two protons in- 
volved, and the chemical shifts of the heavy atoms to 
which they are attached. 

PLATE 2. Schematic ribbon drawing of the solution NMR 
structure of the Ca2+-CaM-Ml 3 complex with the amino- 
terminal domain in blue, the carboxy-terminal domain in 
purple, and the M13 peptide in yellow. The hydrophobic 
side chains of the amino- and carboxy-terminal domains 
of CaM are shown in red, and the Trp4, PheEl, Val 11, and 
Phel7 side chains of the peptide are displayed in green. 

PLATE 3. Stereo view showing a best fit superposition 
of the backbone (N, Ca, C) atoms and ordered side 
chains of the 60 simulated annealing structures of the 
hTRX-NFKB complex. The backbone and side chains of 
hTRX are shown in red and blue, respectively; the back- 
bone and side chains of the NFKB peptide are shown in 
green and magenta, respectively; and the disulfide bond 
between Cys32 of hTRX and Cys62 of the NFKB peptide 
in yellow. The letter P in the residue numbering scheme 
indicates the NFKB peptide. (From Qin et al., Structure, 
(1 995) 3: 289-297.) 
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PLATE 4. (A) View of the molecular surface of hTRX illustrating the cleft in which the 
NFKB peptide is located and (B) schematic representation showing the interactions be- 
tween the NFKB peptide and hTRX. The degree of curvature of the molecular surface on 
(A) is color coded from white (convex) to dark grey (concave). Hence, the cleft is visualized 
as the contiguous boot-shaped grey region on the surface of hTRX. The backbone of the 
peptide is shown in green, and side chains are colored as follows; Phe, Tyr, Val, Pro, and 
Cys in orange; Arg and His in blue; Glu in red; and Ser in Magenta. Note that the side 
chains of Phe56 and His 67 of the bound NFKB peptide are disordered in solution. 

PLATE 5. (A) and (8) Schematic ribbon drawings illustrating in- 
teractions of cGATA-1 with DNA. (C) and (D) Side chain interac- 
tions between cGATA-1 code and the DNA in the major and minor 
grooves, respectively, The protein backbone is shown in green and 
the protein side chains in yellow; the color for the DNA bases is as 
follows: red for A, lilac for T, dark blue for G, and light blue for C. 
(From Omichinski et a!., Science (1993a) 261: 438-446.) 

PLATE 6. Stereo view showing a best fit superposition 
of the 35 simulated annealing structures of the specific 
complex of hSRY-HMG with DNA. The backbone (N, Ca,C) 
atoms (residues 4-75) of hSRY-HMG are shown in red, 
side chains that contact the DNA bases in yellow, and all 
non-hydrogen atoms of the DNA in blue. (From Werner et 
al., Cell (1 995a) 705-71 4.) 
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PLATE 7. (A,B,C) Three views illustrating the inter- 
action of hSRY-HMG with DNA. The protein is shown 
as a schematic ribbon drawing in green, and the 
color coding used for the DNA bases is red for A, lilac 
for T, dark blue for G, and light blue for C. Side 
chains that contact the DNA bases are depicted in 
yellow in (C). (D) Same view as in (C) with the 
molecular surface of the protein shown in grey and 
the DNA atoms in yellow. The patches of blue on the 
protein surface indicate the location of the side chains 
of 4 of the 7 residue that interact with the DNA bases. 
The protrusion on the surface of the protein associ- 
ated with the side chain of lle13, which partially 
intercalates between base pairs 5 and 6 of the DNA, 
is clearly visible in (D). (From Werner et al., Cell 
(1 995a) 81 : 705-71 4.) 

PLATE 8. Complex of hSRY-HMG with DNA 
viewed in the (A) minor and (B) major grooves of 
the DNA illustrating the bend in the DNA, the 
widening of the minor groove, and the compres- 
sion of the major groove, with the molecular sur- 
face of the DNA shown in grey and a ribbon draw- 
ing of the protein backbone in green. (C) View of 
the complex in the minor groove showing the 
molecular surface of the DNA backbone (grey) 
and bases (blue), a ribbon drawing of the hSRY- 
HMG backbone (green), and the molecular sur- 
face of selected sidechain atoms (yellow), illustrat- 
ing the T-shaped wedge that contacts basepairs 4 
to 6 (Met9, AsnlO, Phel2, lle13, and Trp43) and 
the anchor points that contact the two ends of the 
DNA octamer (Tyr74 at basepair 3; and Ser33, 
He35 and Ser36 at basepairs 7 and 8). (From 
Werner et al., Cell (1995a) 81:705714.) 
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PLATE 9. Views of side chain interactions between hSRY-HMG 
and the DNA. All contacts are in the minor groove. The polypeptide 
backbone is shown in green, the side chain bonds in yellow, and the 
side chain carbon, oxygen, and nitrogen atoms in grey, red, and blue, 
respectively. The color coding for the DNA is the same as in Figure 
12. (From Werner et al., Cell (1 995a) 81 : 705-71 4.) 

PLATE 10. Best fit superposition of the backbone (blue) 
and ordered side chains (red) of an ensemble of 76 simulated 
annealing structures of the p53 oligomerization domain. The 
backbone of residues 322-357 is displayed. (From Clore et 
al.. Nature Struct. Biol. (199513) 2: 321-332.) 
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PLATE 11. Ribbon diagrams illustrating five different 
views of the solution structure of the p53 oligomerization 
domain (residues 321-358). The A, C, 8, and D subunits 
are shown in red, yellow, green, and blue, respectively. 
(From Clore et al., 1995c.) 

A 

PLATE 12. Stereo views of the (A) AC, (B) AB, and (C) AD interfaces 
for the restrained regularized mean structure of the oligomerization 
domain of p53 derived from the ensemble of simulated annealing 
structures shown in Figure 17. The backbone (N, Ca, C atoms) and side 
chains of subunit A are shown in red and purple, respectively, with the 
residues labeled with capital letters; the backbone and side chains of 
the other subunit are shown in green and yellow respectively, with the 
residues labeled with small letters. In (A) the two symmetrically related 
water molecules within the primary dimer are shown as solid spheres. 
(From Clore et al., 1995c.) 
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